Abstract-The work reported herein empirically derived the coefficients of the power-law relation between the specific attenuation and each of two other quantities: the radar reflectivity factor and the rainfall rate . The derivation was accomplished using raindrop size distributions (DSDs) measured in Montreal and Toronto using the precipitation occurrence sensor system (POSS) and a Joss-Waldvogel disdrometer (JWD). The specific attenuation was calculated for both spherical and oblate spheroidal raindrops. Prior to doing so, the effects of inaccuracies in small drop detection by the two systems on the resulting -and -relations were examined. In computing the relations, the influence of grouping the DSDs according to the corresponding values of was assessed. The results from the two sites were then combined in a regression analysis to determine the coefficients of the power-law expressions. The final expressions were used to calculate the probability distribution of rain attenuation over several path lengths at 30 GHz.
the design of systems in these radio frequency bands. Since rain intensity and attenuation vary in time and space, it is important to consider both the time and spatial variations in analyzing rain attenuation statistics. In this regard, measurements from a weather radar system that has been properly calibrated against other means of measurement such as rain gauges or radar system operating at other frequencies can provide the information on both types of variation to the extent allowed by the radar time and spatial resolutions. As a result, radar data have been extensively used in research activities to study the time and spatial variation of rain attenuation [1] [2] [3] [4] [5] [6] [7] [8] . In comparison with other field measurement methods, such as rainfall rate measurements by a network of rain gauges and direct measurement of attenuation on multiple radio links, use of a radar system offers several advantages. These include easier operation because no synchronization is needed among a variety of instruments [9] , larger observation area, and feasibility of simulating a multiplicity of hypothetical radio links or cellular networks over radar images [2] , [5] , [8] .
In order to use radar data in radio link performance analyses appropriately, it is considered necessary to revisit the relationship of the radar-measured reflectivity factor and the rain attenuation, as well as other subjects relevant to the application of radar data for the aforementioned purpose. Aside from that, we also wish to examine the relation between rain attenuation and rain intensity since rain gauge measurements are still being widely used to collect indirect measurements of rain attenuation.
A commonly employed method to obtain the statistics of rain attenuation is by transforming rain gauge measurements of rainfall rate, denoted by , or radar-measured reflectivity factor, denoted by , into specific attenuations through the application of -or -relations. These relations are usually expressed in a power-law form and derived by adopting such DSD models as Laws and Parsons' (L-P) or Marshall and Palmer's (M-P) [10] , [11] . However, it was considered that accuracy of the statistics of rain attenuation obtained from these models can still be improved. These two models were established from measurements using a method that requires an accurate knowledge of the size-dependent terminal fall velocity of drops, the measurements of which made by Gunn and Kinzer were not yet available. Furthermore, in a recent study on the DSD measurement-based derivation of -relation [12] , Campos and Zawadzki pointed out that there is a great deal of uncertainty in the analysis of drop size distribution measurements that was not taken into account in the past.
0018-926X/03$17.00 © 2003 IEEE Since more sophisticated instruments have been developed over the years, it is desirable to revisit the relations by examining empirical DSDs measured by modern instruments. In particular, two measurement systems were employed in this study, namely, the precipitation occurrence sensor system (POSS) and the Joss-Waldvogel disdrometer (JWD). The use of these two instruments that work on two completely different principles enables evaluation of instrumental uncertainties in the measurements, in particular, the known limitation in detecting smallsized drops [13] . Using these two systems, drop size distribution (DSD) samples were collected independently in Toronto and Montreal. By analyzing the measured DSDs, the coefficients of the power-law expressions for both spherical and oblate raindrops were found. It was also considered important to examine the impact of uncertainties in the sampling of small drops on the resulting -and -relations. This is addressed separately for each DSD measurement system. In this regard, we also need to examine the effects of applying the -relation on the statistics of the resultant specific attenuation, which to our knowledge has not yet been thoroughly dealt with in the past.
It is also considered of interest to investigate the effects of grouping the reflectivity factor samples into multiple intervals prior to the -to-conversion. The interest arises from the fact that, due to the raindrops acting as incoherent targets distributed within the radar sample volume, the backscattered power of radar pulses sensing the same volume varies from one pulse to another [10] . As a consequence, the received power averaged over several echoes as well as the radar reflectivity factor subsequently derived, both expressed in decibel relative to an appropriate reference, exhibit a "noisy" characteristic. This, in turn, creates uncertainties in the resulting statistics of rain attenuation calculated from the radar reflectivity factors. The study on the grouping of reflectivity factors into intervals is therefore motivated by two intuitive expectations; one can expect that grouping measurements in sufficiently large intervals would mitigate the uncertainties inherent in radar measurements while simultaneously averaging out the impact of variability in the -relation. Finally, it is known that radar measurements are subject to inevitable spatial averaging over the finite sampling volume of the radar [10] . The averaging volume is a function of the radar pulse width, the antenna beamwidth, and the distance from the radar. For a fixed set of radar parameters, the averaging volume increases in direct proportion to the distance (range). Thus, the variability of rain rate within the measurement volume increases with range. It is therefore necessary to assess whether this spatial averaging affect the statistics of rain attenuation.
In brief, the contributions of the work reported herein are i) results on the effects of uncertainties in small raindrop count in DSD measurements on the -and -relations; ii) results on the impact of stratification applied to measurements of on calculated values of and its possible application in deriving from "noisy" radar measurements of ; iii) new coefficients for -and -power law relations and results regarding the effects of their application on the cumulative distribution functions (cdfs) for path attenuation iv) results on the impact of spatial averaging of on the cdfs for attenuation. Following this introductory section, we briefly describe the theoretical method to derive the radar reflectivity factor, rain rate, and specific attenuation from a raindrop size distribution. Next, we briefly present the DSD data used in this study as well as limitations of the measurement instruments employed. Section IV presents the core of this work, which consists of derivation of the -and -power-law coefficients from the measured DSDs. Following that, the application of the relations for predicting rain attenuation is given as an example. The last section of this paper provides discussion and conclusions drawn on the results of the preceding experimental analyses. In all discussions that involve assessment of the specific attenuation, only the case for spherical drops is exemplified. The power-law coefficients, however, are computed and tabulated for both the spherical and the oblate cases.
II. DERIVATION OF , , AND FROM DROP SIZE DISTRIBUTION Exact calculations of radar reflectivity factor, rainfall intensity, and rain attenuation from a raindrop size distribution have been theoretically formulated early in this century. The expressions presented below follow the forms given in earlier publications (e.g., [10] and [14] ) with adjustments in the scaling factors for unit consistency. From a DSD, the radar reflectivity factor in mm m , the specific attenuation of rain in decibels per kilometer, and rainfall intensity in millimeters per hour can be calculated by applying the following integral equations:
where in m is the number per meter-cubed volume of drops having diameter in millimeters within the interval, is the wavelength in meters, represents the forward scattering amplitude in meters with Im denoting the imaginary part and subscript indicating the wave polarization, and is the terminal fall velocity in meters per second of drops of diameter mm interpolated from Gunn and Kinzer's results [15] . For oblate spheroidal drops, the drop axial ratio is assumed to obey the relation used by Oguchi [16] , where is the ratio of minor to major axes of the drop and the diameter of the equivolumic spherical drop in millimeters. The forward scattering amplitude can be computed using the point matching technique [16] for both the vertically and horizontally polarized waves. In the work reported herein, a modified form of a Fortran code that employs the point matching technique originally written by researchers at the European Space Agency (ESA) was used. The code, which was originally designed to compute the forward scattering amplitude for a fixed set of drop sizes, was modified so that it could evaluate the discrete values of raindrop diameters employed by the DSD measuring apparatuses used herein.
When raindrop-size spectra are obtained from field measurements, integrals (1)- (3) are approximated by discrete summations over the drop size range detected by the measuring instruments. The infinitesimal interval is replaced by a finite interval , whereas the integrands are evaluated at the average diameter of each interval. The range and average of each diameter interval are dependent on the instrument and, for the instruments used in this work, are given in [17] . The specific attenuation was computed at a given radio wavelength for a water temperature of 0 C, with the refractive index of water as modeled by Ray [18] .
III. EXPERIMENTAL DSDS
Two types of DSD measuring instruments were used in collecting the DSD samples analyzed herein. The Montreal samples were measured using a POSS system, whereas in Toronto, measurements were made using both POSS and JWD by Sheppard and Joe [17] .To examine whether the -andrelations obtained from the above-described procedure change with the interval multiplication factor, another stratification by a factor of six in was accomplished. These intervals are also given in Table II . The specific attenuation at 1-cm wavelength for spherical raindrops and the rain rate were computed for each resulting DSD average. The relations are presented in Fig. 7 , together with those produced by the use of a factor of three.
The POSS system adopts the principles of the CW Doppler radar. Operating at the -band wavelength, it records 1-min averages of Doppler power density spectrum generated by raindrops traversing the measurement volume of its bistatic radar sampling volume. The number concentration of drops of a certain diameter is estimated by employing a previously derived volume-averaged Doppler power spectrum for the diameter in question and by subsequently inverting a discrete approximation to the Doppler spectrum integral equation. Estimates of number concentration are acquired for 34 diameter intervals. The intervals and their respective mean values are dependent on the resolution of the discrete-frequency power spectrum and on a desired mode frequency distance among the volume-averaged diameter-dependent Doppler power spectra. Sheppard and Joe found that the method of calculating the volume-averaged spectrum leads to large overestimation of number of small drops at high rain rates as compared with the JWD [17] . This issue is to be briefly examined later in this section. One of the important characteristics that should be mentioned of the POSS system is its large sample volume, which allows the system to produce a better sample than other DSD measuring instruments. The details for setup and calibration of the POSS system operated in Montreal are described in [12] , whereas the POSS setup for Toronto is explained in [17] . The JWD instrument operates in a totally different principle. It converts the momentum of each falling drop impacting on the sensor's surface into an electric pulse of commensurate voltage. A power-law relation with previously calculated coefficients is then used to convert the peak voltage of each pulse into an estimate of the drop diameter. As such, the number concentration measurement is a simple 30-s drop counting process, for which the detectable diameter range is divided into 20 intervals. Due to an unwanted dead-time phenomenon that arises from the temporary nonfunctioning of the sensor head after each drop impact, an underestimation of the number of smaller drops can happen and, hence, requires correction [17] . In this regard, there are two sets of JWD data available, i.e., the uncorrected and the corrected, from the experiment in Toronto. In the subsequent analyses, only the corrected set is used. The details of the JWD setup are given in [17] .
The POSS sensor operated in Montreal was installed on the top of a 14-floor building on the downtown campus of McGill University. A total of 6582 DSD samples were selected from a data pool recorded during stratiform rain events in the summers of 1994, 1997, and 1998. DSDs from convective events observed in the same periods were not included in subsequent analyses due to insufficiency in the number of samples. Stratiform rain events were identified by examining vertical profiles of radar reflectivity factor on days corresponding to the occurrence of the bright band. These vertical profiles were recorded by an UHF profiler: a 915-MHz vertically pointed radar system installed near the POSS measurement site. Table I presents the list of recognized stratiform rain events involved in the study. A record for one-day includes samples from all stratiform events occurring on that day, except for a couple of days for which the events are divided into two files. Fig. 1 shows the result of computations of , , and from these DSD samples for a frequency of 30-GHz assuming spherical drops. These samples are ordered chronologically in the figure, starting with the event on 13 April 1994 and ending with that on 29 August 1998, with each consecutive event separated by a vertical dotted line.
The Toronto data sets were independently collected during rain events that included both stratiform and convective types. A DSD stratification and averaging procedure was applied to these data according to rain rate . The DSD samples were classified into intervals of rain rate, the upper limit of which increases with the value of by a factor of two. Hence, the rainfall rate bins used were 0-0.5, 0.5-1, 1-2, …, 64-128 mm/h, resulting in a total of nine segments covering a range of 0-128 mm/h of rain intensity [17] .
To determine how the inaccuracies in measuring the quantity of drops of the smallest diameters affect the -and -relations, an exercise was performed as follows for both the JWD and POSS DSD data from Toronto. Three different values of rain attenuation were computed from each DSD average for spherical raindrops. The first was calculated by including the measurements of drops in all diameter intervals and the second by setting the measurements for diameter intervals with mean less than 0.5 mm equal to that for the interval having a mean diameter just above 0.5 mm. The third completely excluded the drops in the intervals with mean diameter less than 0.5 mm. The first and the third methods are expected to give the upper and the lower bounds of the computed attenuation, whereas the outcome of the second method represents an intermediate value that might lie closer to the actual average value of attenuation. In the diagrams that follow, the three results are referred to as "upper," "lower," and "mid," respectively. These calculations were made for several radio frequencies for raindrops of spherical shape.
Results from the JWD measurements at 100 GHz, presented in Fig. 2 , show practically no variation in the -andcurves expected from using the different methods. It can be expected that at lower frequencies, even less variation occurs. Moreover, the small variations that can be observed occur only at the lower range of attenuation, which is of little interest for radio communications applications, in which the high attenuation tail of the distribution is usually of more importance. Therefore, it is concluded that in later calculations of rain attenuation, we can safely ignore the uncertain number of drops in intervals with mean diameter less than 0.5 mm for the JWD case.
On the other hand, the POSS DSDs suffer from large overestimation of the number of small drops. The impact can be seen in the results calculated using POSS data for 30 and 100 GHz given in Figs. 3 and 4 . At 100 GHz, the result of the first method, in which the heavily overestimated number of small drops is included, departs considerably from the curves resulting from the other two methods, which differ only slightly at all ranges of attenuation. At 30 GHz, the result shows smaller differences among the three curves as the relative contribution of small drops to the total attenuation diminishes. Hence, it was decided that for the analyses of attenuation, the number of drops in any interval with mean diameter less than 0.5 mm falsely measured by the POSS would be ignored. The above observations are also supported by a series of plots shown in Fig. 5 that demonstrate the contribution in specific attenuation of raindrops detected in diameter bins with average less than 0.5 mm for frequencies of 10, 30, and 60 GHz. Each of the curves is plotted by applying (2) within the range of individual drop size bins and normalizing the results with respect to the total specific attenuation for the entire drop size measurement range. The vertical dashed line on each plot separates the drop bins with average diameter less than 0.5 mm from the rest of the spectrum. It is found that for average reflectivity of around 31-32 dBZ (approximately 1250-1600 mm m ) or specific attenuation of 0.5-0.6 dB/km at 30 GHz, the total drops in the bins with average diameters less than 0.5 mm contribute only 4.50%, 8.77%, and 1.71% of the attenuation for Montreal POSS, Toronto POSS, and JWD measurements, respectively. These percentages are the sums of the pdfs in the intervals less than 0.5 mm in Fig. 5 . The results for 50 dBZ reflectivity or, equivalently, 15 dB/km attenuation at 30 GHz, demonstrate 6.51% and 0.06% contribution of the lowest drop ranges to the attenuation for Toronto POSS and JWD, respectively. 
IV. -AND -RELATIONS
In order to derive the parameters of the -andrelations, the procedure described in the following was applied to the Montreal samples. From individual DSDs, the corresponding estimates of radar reflectivity factor were calculated using (1). The resulting set of reflectivity factors was subsequently divided into a number of intervals, the upper limit of which multiplied by a factor of three with the increasing value of . The nine intervals of reflectivity factors that resulted, each having more than 10 samples within, were 0-3, 3-9, 9-27, …, 6561-19 683 mm m . Next, the entire set of the corresponding DSD samples was divided into as many classes, each associated with one of the intervals of . A DSD average for each class was then calculated over all samples within that class. Fig. 6 shows the nine DSD averages produced by the above procedure. From the resulting DSD averages, nine triplets of ( ) were calculated for any radio wavelength. Table II lists the details of the nine intervals of .
As can be seen from Fig. 7 , the -and -curves produced by the adoption of a multiplication factor of 3 do not differ significantly from their counterparts that arise from the use of factor 6. This indicates that the -and -relations are not very sensitive to variation in the width of the intervals. It further implies that in using the "noisy" radar-measured reflectivity factors, a sufficiently large factor for intervals can be selected and applied to the radar data to alleviate the effects of the uncer- tainties in radar measurement without changing the statistics of the rain attenuation derived thereafter. This finding is important in determining intervals to be used in constructing the distribution function of rain attenuation estimates computed from radar reflectivity factor measurements. The insensitivity of theand -relationships to averaging breadth categories of indicates that in computing attenuation statistics, we can ignore the effects of beam broadening on radar data.
Figs. 8-11 show the curves of -and -pairs for the three different sets of measurement data from the two cities at four different frequencies: 10, 30, 60, and 100 GHz (equivalent to wavelengths of 3, 1, 0.5, and 0.3 cm, respectively). These plots are for the spherical raindrop case. In each figure, "Mon. Pavg" denotes the plot obtained from Montreal POSS measurements with interval multiplication factor of 3, "Tor. Pavg" denotes the Toronto POSS, and "Tor. Javg" denotes the Toronto JWD results. The curves for M-P's DSD model are also plotted in the same graphs for comparison.
It is considered that by taking the average from the three sets of average DSDs, a single -relation can be derived for any radio wavelength (or frequency) of interest. This is because it is assumed that Montreal and Toronto belong to the same climate region and, hence, share the same DSD characteristics and that differences among the DSD measurements are indicative only of the measurement error of the instruments. However, the difference in drop size intervals employed by different measurement apparatuses preclude the averaging from being performed on the DSDs themselves. As shown in Figs. 8-11 , there are regions of where the Montreal and the Toronto data sets provide different values of . For practical purposes, an average value of is needed in these regions. In addition, the Montreal data encompass the lower ranges of attenuation, whereas the higher ranges are covered by the Toronto measurements that were made during both stratiform and convective events. The following steps were therefore taken. All ( ) and ( ) pairs obtained from averaged DSDs measured in Montreal and Toronto were evaluated in a single linear regression in logarithmic scale. The desired mathematical expression for each relation is given in a power-law form [19] , i.e., and . By applying the above procedure, a table of coefficients , , , and was established for various radio frequencies and for both spherical and oblate spheroidal raindrops. Table III provides the values of the coefficients for spherical drops at frequencies in the 10-100-GHz range with 10-GHz spacing, whereas the results for the case of oblate spheroidal raindrops are given in Table IV . Since in the computation of attenuation the number of drops of diameter less than 0.5 mm was ignored, these results might have some inaccuracies for the higher range of frequencies examined herein. In particular, for a frequency of 70 GHz or higher, at a reflectivity factor of around 50 dBZ, the difference in specific attenuation is more than 5 dB/km between the cases when small drops detected by the POSS system in Toronto are accounted for and when they are ignored. In the relations given in these tables, is given Table IV with the values recommended by ITU-R based on the L-P model [20] shows slight differences between the two sets, with those for frequencies around 20-30 GHz being the closest. For frequencies below 20 GHz and rainfall rates above 10 mm/h, specific attenuation predicted by the ITU-R parameters is higher than that predicted using ours (e.g., about 0.08 dB difference per kilometer range at 20 mm/h and 0.39 dB/km at 50 mm/h for vertically polarized 10 GHz radio waves). For frequencies higher than 20 GHz, our predicted attenuation is higher than the ITU-R at intensities higher than 10 mm/h (e.g., about 0.66 dB/km difference at 20 mm/h and 2.8 dB/km at 50 mm/h for 40 GHz frequency and vertical polarization). For a vertically polarized wave at 30 GHz, our coefficients yield a higher prediction of specific attenuation compared with the results obtained using the ITU-R coefficients, e.g., 0.10 dB/km difference at 20 mm/h rain rate and 0.73 dB/km at 50 mm/h. These discrepancies can be ascribed to differences in the method of DSD measurement.
V. ATTENUATION STATISTICS
This section compares the cumulative distribution functions of attenuation computed directly from the Montreal DSDs with those computed through the power-law relations with parameters derived in the foregoing section. In particular, we will examine the statistics of attenuation at 30 GHz over a radio path of a given length for the case of spherical raindrops. 1 To realize the comparison for various path lengths, an average storm velocity of 54.4 km/h was assumed to shift linearly the rain structure as well as the associated drop size distribution along the path being considered. 2 Since the DSD measurements are 1-min av- erage spectra of drop number concentration, each can thus be regarded as a 0.91-km average when the above translation velocity is applied. Computing an estimate of 0.91-km attenuation is thus equivalent to applying the integral equation given by (2) to a DSD sample and multiplying the resulting specific attenuation in decibels per kilometer by 0.91.
For comparison, this was also accomplished by computing the rain rate and the radar reflectivity factor through (1) and (3), followed by the application of the power-law relations using the appropriate values of coefficients. Specifically, relations for 30 GHz (4) are used herein. Using either of these methods, 6582 0.91-km averages of specific attenuation resulted. An estimate of attenuation over a 910-m link was again obtained by multiplying the average specific attenuation by 0.91.
For longer paths, estimates of attenuation over a length km, where is an integer, can be calculated by means of one of the following. The most straightforward is by summing up consecutive values of 0.91-km attenuation estimates, which is an approach commonly used in generating attenuation statistics from point rain rate measurements by invoking the synthetic storm technique (see, e.g., [2] ).
Alternatively, -km DSD averages can be obtained by averaging -element groups of successive 1-min (or 0.91-km) DSD averages. From each DSD average that results, -km averages of radar reflectivity factor and rain rate can be calculated. Again, expressions given in (4) can be used to acquire the equivalent specific attenuation averages, which are in turn multiplied by the path length to yield the estimates of total attenuation on the path. The execution of DSD averaging over lengths more than 0.91 km just described can also be used to examine the effect of spatial averaging, which is inherent and inevitable in radar measurement, on the statistics of attenuation obtained by the use of relations in (4) .
In this study, the path lengths were chosen to be 4.55, 9.1, and 18.2 km. These distances correspond to averaging of 5, 10, and 20 DSD samples, respectively. For the five-sample averaging, an averaging method with disjoint windowing (as opposed to employing a running window) yields 1316 samples. For the longer two paths, however, a running average procedure must be performed to gain an adequate number of samples. Using windows of 10 and 20 samples long, 6573 and 6563 attenuation samples result, respectively. Fig. 12 shows the cumulative frequency distributions of attenuation estimates that arise from the above three methods. Each of the four graphs in the figure demonstrates a comparison among the three for the specified path length. In general, it can be observed that there is no significant difference among the three distributions, which is true for all path lengths under consideration. A Kolmogorov-Smirnov test showed that with 80% confidence, the confidence ranges of these curves overlap each other, which further supports the visual observation that there are no differences that can be claimed among the pdfs. This implies that the relations given in (4) can be used to predict attenuation statistics at 30 GHz from measurements of rain rate or radar reflectivity factor with sufficient accuracy. It also implies that the -relation at 30 GHz is not very sensitive to the extent of spatial averaging applied to the radar reflectivity factor.
VI. DISCUSSION AND CONCLUSIONS
An examination was made of the impact of uncertainty in the measurement of number density for small drops using either the JWD or POSS system on the accuracy of the -and -relations. The JWD's inaccuracy was found to cause only slight variation in the predicted value of attenuation at the lowest ranges only, as demonstrated by the results from three different methods in treating the number of detected drops smaller than 0.5 mm in diameter. Ignoring them or setting their density uniformly equal to that of raindrops with diameter just slightly larger than 0.5 mm resulted in almost the same values of attenuation as when the measured density was used in calculating the attenuation. This slight variation at low ranges of attenuation is considered to be insignificant, especially when one desires to focus merely on large attenuation values, as is the case in the field of radio communications.
Meanwhile, the POSS data exhibited large overestimation in the number density of small drops. While its impact on the predicted attenuation was marked at 100 GHz, it was not significant at 30 GHz or lower. These results lead to a conclusion that the uncertainty in the measurements of small drops is not critical to the -and -relations at frequencies around 30 GHz or less.
The -and -parameters were derived from measured DSDs. An intermediate step was taken in so doing, which involved grouping the DSDs into intervals according to their respective values and then averaging the results over the width of each interval. These DSD averages were subsequently used in the derivation of the power-law parameters of the two relations. The upper limit of each interval in was made to multiply by a specified factor , such that the ranges of became , , , . Various factors were tried out with a result showing that the two relations are not sensitive to the change in the width of the grouping interval. This implies that different criteria can be adopted to establish the intervals in grouping the measured radar reflectivity factor estimates while preserving the statistics of the resulting attenuation estimates. This finding is of great importance when one deals with high-resolution radar-measured reflectivity factors in order to average out noise components in the derivation of estimates of attenuation. In such a case, a factor for the interval width multiplication can be selected such that the reflectivity factor interval widths are larger than the magnitude of the noise.
The availability of DSD averages corresponding to the mid to higher ranges of attenuation from the Toronto JWD and POSS measurements complements the Montreal POSS DSD averages that cover the lower to mid ranges. In mid regions of attenuation, where DSD averages exist from measurements in both sites, the corresponding values of attenuation do not differ much between these sites despite the use of different types of DSD measuring apparatus. Hence, within the uncertainty in the measurement, Toronto and Montreal data show the same average characteristics of attenuation in relation with the other two parameters, rain rate, and radar reflectivity factor.
The derivation of the coefficients of the desired power-law relationships was accomplished using the DSD averages from both measurement sites. The -coefficients obtained are found to differ slightly from those recommended by the ITU-R due to differences in the method of DSD measurement and parameter derivation.
When the derived -and -relations were used to compute the statistics of attenuation at 30 GHz using the Montreal DSD measurements, the cumulative frequency distribution functions produced did not exhibit significant difference compared with that of the attenuation directly computed from the DSD samples, confirming the accuracy of the power-law parameters obtained. It was shown that the statistics of path attenuation computed using the power-law relations are not sensitive to spatial averaging. This result is important when attenuation statistics are to be computed for hypothetical radio links simulated over radar images, the measurements of which inevitably involve inherent spatial averaging processes due to the finite beamwidth of the radar antenna.
